Master FF-1 . Despite the absence of brominated dibenzofurans from fireMaster BP-6, the more polar fraction of this PBB mixture eluted from an alumina column is a potent inducer of rabbit ear hyperkeratosis (Kimbrough et al., 1977) . The toxic fireMaster components present in the more polar alumina fraction but absent from the more polar Florisil fraction have not been identified.
This study was designed to characterize further the biologic effects of fireMaster BP-6 and its various Florisil and alumina fractions. Each fraction was tested as an inducer of hepatic microsomal cytochrome P-450-dependent monooxygenase activity (dimethylaminoantipyrine N-demethylase) and/or cytochrome P-448-dependent monooxygenase activity (benzo[a]pyrene hydroxylase) in the male Wistar rat. An attempt was made to correlate the qualitative and quantitative effects of each fireMaster BP-6 fraction with its chemical composition. This approach has the distinct advantage over the toxicity studies in that many of the individual components of fireMaster BP-6 have been evaluated as inducers of the microsomal drug-metabolizing enzymes (summarized in Table 2 ) and structure-activity rules have been reported for the structurally related PCBs (Poland and Glover, 1977; Goldstein, 1979; Parkinson et al., 1980a) .
For several classes of halogenated aryl hydrocarbons, including PCBs, there is an excellent correlation between toxicity and the ability of individual congeners to induce the cytochrome P-448-dependent monooxygenase, benzo [u] pyrene hydroxylase (Poland and Glover, 1977; Yoshimuraet al., 1979; Poland et al., 1979) . For the PCBs this correlation is supported by the fact that 3,3',4,4'-tetra- (Goldstein et al., 1977) , 3,3',4,4',5-penta-(Yoshimura et al., 1979; Yoshihara et al., 1979) and 3,3',4,4',5,5'-hexachlorobiphenyl (Goldstein et al., 1977; Poland and Glover, 1977) , which induce cytochrome P-448, and 2,3,3',4,4'-penta- (Yoshimura et al., 1979; Parkinson et al., 1980b ), 2,3',4,4',5-penta-(Parkinson et al., 1980b ), and 2,3,3',4,4',5-hexachlorobiphenyl (Yoshihara et al., 1979 ) which induce both cytochrome P-448 and P-450, appear to be more toxic than other isomers which have been examined (Yoshimura et al., 1979; Yoshihara et al., 1979; McKinney et al., 1976; Yamamoto et al., 1976; Ax and Hansen, 1975) . Polybrominated biphenyls may also be a class of halogenated aryl hydrocarbons for which toxicity correlates with cytochrome P-448 induction. Therefore, we have addressed the possibility that the pattern of drug-metabolizing enzymes induced by the various fireMaster BP-6 fractions can be correlated with both their toxic potency and with the known inductive effects of the individual components present in each fraction.
METHODS

Materials.
FireMaster BP-6 (Lot 7062) was a gift of Michigan Chemical Corporation, St. Louis, Michigan. Florisil (60-100 mesh) and certified neutral alumina (80-200 mesh, Brockman activity 1) were purchased from Fischer Scientific Company. All biochemicals were obtained as previously described (Parkinson and Safe, 1979) . Three fractions from fireMaster (FA, Fa, and Fc) were prepared by Florisil column chromatography according to the method of Vos et al. (1970) . Approximately 8 g of fireMaster dissolved in 900 ml petroleum ether (BP 37.9-56.l"C) was applied to a heat-activated Florisil oolwnn (4.5 m, [i.d,) x 7.9 cm) and eluted sequentially with: (a) an additional 900 ml petroleum ether to give fraction A (FJ; (b) 1000 ml petroleum ether:diethyl ether (955, v/v) to give fraction B (Fa); and (c) 500 ml acetone to give fraction C (F,). The percentage by weight of fireMaster present in FA, Fa, and Fc was 99, 0.6, and 0.4%, respectively. Two fractions from fireMaster (AA and Aa) were prepared by alumina column chromatography according to the method of Porter and Burke (1971) . Approximately 6 g of fireMaster dissolved in 250 ml hexanes: dichloromethane (99:1, v/v) was applied to a neutral alumina column (4.5 cm (id.) x 5.0 cm) and eluted sequentially with: (a) an additional 1250 ml hexanes: The two alumina fractions, AA and Aa, and three Florisil fractions, FA, Fa. and Fc, were analyzed by gas chromatography (GC) using a Hewlett-Packard model 57lOA chromatograph equipped with a glass column (4 mm (id.) x 1.2 mm) packed with 1.5% OV17 and 2% OV210 on gas chrom Q (100-200 mesh) (Chromatographic Specialties). The column was operated isothermally at 260°C with both the injector and detector at 300°C. Each component was quantified by flame ionization detector (FIC) response using a Hewlett-Packard integrator-recorder.
Fractionation of the more polar alumina fraction, AB. Due to its potent biologic activity (cf. Results), the more polar alumina fraction, Aa, was fractionated by thin layer chromatography (TLC). A 100 x 20-cm plate, coated with heat-activated silica gel HF,,, (BDH Chemicals), was developed in petroleum ether (BP 37.9-56.l"C). The compounds present in each of five equal bands were analyzed by gas chromatography-mass spectrometry (GC-MS) using a VG Micromass 7070F double-focusing mass spectrometer interfaced with a Perkin Elmer Sigma 3 GC and a VG Data System 2000. The glass chromatographic column (4 mm (i.d.) x 0.6 m) was packed with 3% OVl on 260°C. The column fed a glass jet separator. The mass spectrometer was operated with 70 eV nominal ionizing energy and a 100 PA electron current. The ion source temperature was 200°C. Each of the five TLC fractions of Aa was scanned for tetra-, penta-, hexa-, and heptabromodibenzofurans (at m/e 484, 562, 642, and 720, respectively) and for Animal treatment, isolation of microsomes and assays. One-month-old Wistar rats, average weight 100 g, were housed in wire cages and allowed free access to Purina Certified Rodent Chow (5002) and water. FireMaster BP-6 or its various fractions were dissolved in corn oil and injected ip on Days 1 and 3 at doses shown in Table 1 . The animals were killed on Day 6 by cervical dislocation.
It should be noted that each fireMaster fraction was administered on the basis of its relative weight in the original fireMaster BP-6 sample. In addition, the original fireMaster BP-6 was reconstituted by recombining the three Florisil fractions (designated F,,,) and the two alumina fractions (designated A,,).
PB (400 pmol kg-') dissolved in isotonic saline and MC (100 pmol kg-') dissolved in corn oil were administered individually as well as coadministered to animals on Days 1 and 2 and the animals were killed on Day 3. Controls received a corresponding volume of corn oil (5 ml kg-r). All animals were fasted over the last 24 hr to lower liver glycogen levels.
The rat livers were perfused via the hepatic portal vein with ice-cold isotonic saline supplemented with EDTA (0.1 mM). The balanced livers were transferred to preweighed, ice-cold solutions of sucrose-EDTA (0.25 ~-0.1 mM) and the liver weights determined. The microsomal fraction was harvested as a 100,OOOg pellet by further centrifugation of a 10,OOOg supematant from the liver homogenate as described (Parkinson and Safe, 1979) .
The activity of NADPH-cytochrome c reductase, benzo[a]pyrene (B[a]P) hydroxylase, and dimethylaminoantipyrine (DMAP) N-demethylase, the carbon monoxide (CO)-and ethylisocyanide (EIC)-difference spectra, and the concentration of cytochrome b, were determined as described (Parkinson et al., 198Ob) .
Statistical analysis. Comparing a control with a large number of treatment groups can result in a high probability of apparently large differences appearing by chance alone. This experiment-wise error rate was minimized to a level a! by the application of Dunnett's (1964) (Cochran, 1964; Snedecor and Cochran, 1%7) was used for the B[a]P hydroxylase data. The nominal (Y level was divided by 11, the number of treatment groups, to take the multiple comparisons problem into account. This conservative procedure results in fewer significant differences. For comparison the results of both methods are indicated in Table 3 . Some distortion is apparent from the use of a pooled variance estimate in Dunnett's procedure.
RESULTS
Chemical Analysis
The chemical composition of fireMaster BP-6 and its various Florisil and alumina fractions is shown in Table 2 . Wherever possible, the structure of the individual components was assigned by comparison of retention times with previously identified brominated biphenyls Moore et al., 1980; Dannan and Aust, personal communication) and with synthetic standards (Robertson et al., 1980a,b) . The chemical composition of the most polar Florisil fraction, Fc, is not given in Table 2 . This fraction contained five compounds with retention times of 1.61,2.52,3.21,4.02, and 5.79 min comprising approximately 1.9, 68, 4.7, 19, and 4.8% of Fc, respectively. The structure of the chemicals in Fc could not be assigned on the basis of comparitive retention times with available standards.
Further fractionation of Aa by TLC and analysis of the fractions by GC-MS revealed the presence of several penta-, hexa-, and heptabromobiphenyls (see Table 2 ) as well as monochloro derivatives of pentaand hexabromobiphenyl (i.e., C,,H,Br,Cl and C,,H,Br,Cl) and small amounts of hexabromonaphthalene (C,,H,Br,) . No brominated dibenzofurans or dibenzo-p-dioxins were detected in AB by GC-MS analysis.
Enzyme Induction
The effects of fireMaster BP-6 and its Florisil and alumina fractions on the hepatic microsomal drug-metabolizing enzymes were compared to the inductive effects of PB , MC, or their coadministration (PB + MC). The results are shown in Table 3 .
The hallmarks of PB induction included (1) ticulum (as indicated by an increase in the of cytochrome P-450 in noninduced micromg microsomal protein per g liver), (2) a gen-somes. Induction by treatment with MC eral increase in the liver to body weight was characterized by (1) a small (but staratio, (3) a 2.5 to 3.5fold increase in the tistically significant) increase in microsomal concentration of cytochrome P-450 and the protein content and in liver to body weight activity of DMAP N-demethylase, B[a]P ratio, (2) a twofold increase in cytochrome hydroxylase, and NADPH-cytochrome c P-450 (P-448) content, (3) a 15-fold increase reductase, and (4) a peak at 450.0 in B[a]P hydroxylase activity but with very nm in the CO-difference spectrum and two little increase in DMAP N-demethylase peaks at 428.0 and 455.0 nm in the EICand NADPH-cytochrome c reductase acdifference spectrum with a 455:425 nm peak tivity, and (4) a peak at 448.0 nm in the COheight ratio of about 1:2. In general, the difference spectrum and two peaks at 429.7 hemoproteins induced by PB were qualitaand 452.0 nm in the EIC-difference spectively similar in both enzymic and ligandtrum with a 452.0:429.7 nm peak height ratio binding properties to the constitutive forms of about 2: 1. In contrast to PB. the MC- induced hemoproteins displayed qualitatively distinct enzymic and ligand-binding properties compared to noninduced microsomes.
The 15fold increase in B[a]P hydroxylase activity, characteristic of MC induction, and the threefold increase in both DMAP N-demethylase and NADPHcytochrome c reductase activity, characteristic of PB induction, were all apparent when PB and MC were coadministered. The additive effects of these two inducers was also evident from the magnitude of the increase in cytochrome P-450 concentration. A 1.5 nm hypsochromic shift in the CO-difference spectrum and a 0.5 nm bathochromic and 3.0 nm hypsochromic shift in the 428.0 and 455 nm peaks, respectively, of the EIC-difference spectrum were observed following the coadministration of PB with MC. These spectral shifts, together with approximately equal peak heights in the EIC-difference spectrum, indicated that the qualitative ligand-binding characteristics displayed by (PB + MC)-induced microsomes were intermediate between PB-and MC-induced microsomes.
The data presented in Table 3 summarize the effects of fireMaster BP-6 and the diverse alumina and Florisil fractions as rat hepatic microsomal enzyme inducers. The least polar alumina (AA) and Florisil (FA) fractions were similar in composition to the unfractionated fireMaster BP-6 and exhibited comparable mixed-type induction activities. The more polar Florisil fractions, F, and Fc. were weak inducers whereas the polar alumina fraction AB was a highly potent inducer of both DMAP N-demethylase and B[a]P hydroxylase microsomal enzymes.
DISCUSSION
The purpose of this study was to test whether the ability of fireMaster BP-6 and its various chromatographic fractions to induce the hepatic microsomal drugmetabolizing enzymes could be correlated with the chemical composition of each fraction knowing the inductive effects of many of the individual brominated biphenyls in fireMaster BP-6 (or their chloro analogs).
The results presented in Table 3 show that the more polar fraction(s) eluted from a Florisil column (Fa and F,) or from an alumina column (Aa) differed both qualitatively and quantitatively in their ability to induce the hepatic microsomal drugmetabolizing enzymes in the male rat. The more polar Florisil fractions were relatively ineffective in inducing the drug-metabolizing enzymes. These data confirm the absence of the potentially active bromodibenzofurans and dioxins which would elute in the polar Florisil fractions.
In contrast to the polar Florisil fraction, the more polar fraction eluted from alumina, As, causes rabbit ear hyperkeratosis (Kimbrough et al., 1977) and was found in the present study to be a potent inducer of both cytochrome P-450-dependent and cytochrome P-448-dependent monooxygenases. As shown in Table 3 the cytochrome P-448-dependent monoxygenase, B[a]P hydroxylase, was almost maximally induced by fraction A,. The results of the biologic effects of the Florisil and alumina fractions are consistent with, but do not prove, the hypothesis that, like other classes of halogenated aryl hydrocarbons, a correlation may exist between the toxicity of PBBs and their ability to induce cytochrome P-448.
The brominated biphenyl congeners which have been identified in fireMaster BP-6 are categorized into PB-type and MCtype inducers in Table 2 . The more complete data for the corresponding chloro analogs are also shown. From Table 2 , it is evident that only two fireMaster components, namely, 2, 3',4,4',5-pentaand 2,3',4,4',-5,5'-hexabromobiphenyl, have been shown to induce cytochrome P-448. Two chlorinated biphenyls, namely, 2.2',3,4,4',5'-hexa-and 2,3,3',4,4',5-hexachlorobiphenyl, have been reported to induce cytochrome P-448, but their corresponding brominated biphenyls have yet to be tested. These data suggest that, of those components identified, a total of four brominated biphenyls (namely, 2,3',4,4',5-penta-, 2,3',4,4',5,5'-hexa-, 2,2',3,4,4',5'-hexa-, and 2,3,3' ,4,4' ,5-hexabromobiphenyl) are potential contributors to the MC-type character of fireMaster BP-6. It should be noted that each of these congeners would be expected to induce cytochrome P-450 as well as cytochrome P-448.
Although the percentage of 2,3',4,4',5-penta-, 2,3',4,4',5,5'-hexa-, and 2,2',3,4,4',-5'-hexabromobiphenyl was slightly higher in F, than Ag, the amount of AB injected was 10 times that of Fa. Consequently, rats treated with AB received a greater amount of all four congeners expected to induce cytochrome P-448 than rats treated with Fg. These data suggest that the differential effects of AB and Fa on the hepatic microsomal drug-metabolizing enzymes can be correlated in part with differences in their chemical composition.
However, it should be noted that based on the distribution 2, 3',4,4',5-penta-, 2,3',4,4',5,5'-hexa-, 2,3,3',4,4',5-hexa-, and 2,2',3,4,4',5'-hexabromobiphenyl in AA and Aa, the former, rather than the latter, would be expected to be the more potent inducer of cytochrome P-448. This suggests that components as yet unidentified may contribute to the MCtype character of fireMaster BP-6 and that potentially toxic fireMaster BP-6 components have yet to be identified, It is also possible that due to synergistic effects the biologic activity of the commercial PBB mixture may not be the sum of the activities of its components. Research is in progress to synthesize and test the congeneric PBBs and reconstituted mixtures.
